Abstract-In this paper, a novel single-pixel method for coherent imaging through an endoscopic fiber bundle is presented. The use of a single-pixel detector allows greater sensitivity over a wider range of wavelengths, which could have significant applications in an endoscopic fluorescence microscopy. First, the principle of lensless focussing at the distal end of a coherent fiber bundle is simulated to examine the impact of pixelation at microscopic scales. Next, an experimental optical correlator system using spatial light modulators is presented. A simple contrast imaging method of characterizing and compensating phase aberrations introduced by fiber bundles is described. Experimental results are then presented showing that our phase compensation method enables characterization of the optical phase profile of individual fiberlets. After applying this correction, early results demonstrating the ability of the system to electronically adjust the focal plane at the distal end of the fiber bundle are presented. The structural similarity index between the simulated image and the experimental focus-adjusted image increases noticeably when the phase correction is applied and the retrieved image is visually recognizable. Strategies to improve image quality are discussed.
I. INTRODUCTION

E
NDOSCOPES are powerful tools for diagnosis of a range of diseases in the gastrointestinal and respiratory tracts, particular cancers. Of the 330 00 new cases of cancer diagnosed in the UK each year, over 29% are of the bowel or respiratory tract, areas that can be diagnosed and treated using endoscopes [1] . In the US alone, 18.6 million gastrointestinal endoscopies and over half a million bronchoscopies are conducted each year [2] .
Though widely in use since the 1950s, endoscopes have traditionally been used to identify areas for biopsies so that potentially diseased tissue can be removed and screened ex vivo by a histopathologist observing the sample under a microscope. More recently endomicroscopy, a combination of endoscopy with microscopy, has emerged and may reduce the need for invasive biopsies by enabling direct observation of cellular behaviour inside the human body i.e., in vivo [3] .
In the past few years there have been several important developments in endomicroscopy. The use of coherent light manipulation techniques has obviated the need for distal optics, enabling wider field-of-view as well as dynamic electronic focussing and beam scanning without the use of moving parts [4] . This has paved the way for compact endomicroscopes. Coherent techniques combined with increased computational power have enabled precise and adaptive modal control of multimode optical fibers to enable their use in imaging as ultrathin endomicroscopes [5] , [6] . However, multimode fibers are limited in their imaging capability by the number of propagation modes and the ability to separate spatially overlapping modes at the proximal end [7] . Conventional coherent fiber bundles offer a simpler way to achieve high resolution endomicroscopy because the image information is stored as pixels. It is even possible to remove pixelation artefacts by utilising higher order propagation modes of the fiberlets in a coherent bundle [8] . Coherent fiber bundles have also found use in optical coherence tomography, where they have been shown to enable beam scanning without the use of distal optics [9] . Fluorescence imaging through fiber bundles by coherent manipulation of light has also been demonstrated, limited in resolution only by the pixelation of the bundle [10] .
Many of these techniques make use of precisely controllable coherent devices such as lasers and spatial light modulators (SLMs). However, in order to coherently control light at the distal end of a fiber bundle, or any fiber for that matter, it is necessary to characterise the transmission matrix of the fiber. This involves measuring the complex matrix mapping an orthogonal set of spatial modes launched at the input facet of the fiber to an orthogonal set detected at the output facet. In the case of a coherent fiber bundle, if all the fibers are single mode at a given wavelength and there is negligible coupling between fiberlets, this measurement reduces to determining the random phase shift introduced by each fiberlet due to variation in optical path lengths. In reality, these fiberlets are not single mode, typically exhibiting at least three spatial modes and a small amount of coupling between adjacent fibrelets in the 700-900 nm range [11] .
These transmission matrices can be measured in a number of ways. In imaging applications, this is usually done by scanning a spot or displaying various orthogonal mode patterns at one end of the fiber and then using a charge-coupled device with a reference beam to take interferometric measurements at the other end This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ [6] , [12] . However, in telecommunications transmission matrices of multimode fibers have been measured using single pixel detectors and SLMs [13] , [14] . Single-pixel methods have the advantage of being able to use low-cost sensors (single photodiodes) that work over a wide range of wavelengths. Furthermore, these detectors can be extremely sensitive, for example photomultiplier tubes. This latter benefit is particularly important in super-resolution fluorescence microscopy when often only single molecules are emitting light [15] . The major downside of single pixel imaging is that it can be slow, but compressed sensing techniques and high-speed photodiodes have enabled significant speed increases [16] .
In this paper, an SLM-based single-pixel imaging technique is adapted to measure both the amplitude and phase profiles of light in individual fiberlets of a coherent fiber bundle and then demonstrate dynamic lenseless focus shifting. First, simulations are presented to examine the focus shifting potential of the coherent bundle at microscopic scales, taking into account the high degree of pixelation present. Next, an experimental system able to measure the phase and amplitude of light in each fiberlet using a single-pixel detector is presented. In order to compensate for the optical path difference between fiberlets, a reference image of the fiber is first taken in which both amplitude and phase are measured. An image of the desired sample is then taken and the phase information is corrected using the reference measurement. It is shown that this enables analysis of the phase profile of light in individual fiberlets. Using the focus shifting technique demonstrated in the simulations, it is shown that by applying a parabolic phase mask in the Fourier domain a sample placed at a distance from the distal fiber facet can be brought into focus. Finally, the focus-corrected image is compared with that simulated and found to be recognizable, both visually and usually a structural similarity metric. Strategies for further improving image quality are then discussed.
II. SIMULATIONS
The aim of the simulations presented here is to examine the effect that pixelation, inherently present in fiber bundles, has on the ability to coherently recreate wavefronts and hence correct for defocus at the microscope scale. This provides a useful reference against which the quality of experimental measurements can later be judged.
The principle of the ideal coherent fiber bundle is to sample the optical wavefront incident on the distal facet and reproduce this at the proximal facet, as illustrated in Fig. 1(a) . In reality, due to the different optical path lengths of the fiberlets substantial phase noise is introduced, as shown in Fig. 1(b) , making coherent transport of a wavefront impossible without first characterising the fiber. Because of this phase noise, in traditional endoscopy only the amplitude information of the wavefront is detected-an image of the object is formed on the distal fiber facet using a lens and a pixelated version of this appears at the proximal facet. However, the phase information of the wavefront is increasingly becoming of interest because it enables beam scanning, focus correction and other electronic lensing techniques. To achieve this, a technique for characterisation of the imaging fiber and hence correction of the wavefront is presented here and experimentally verified in Section III.
However, even when the correct phase profile of the sampled wavefront is obtained, the sampling itself will introduce some distortion, an example of which is shown in Fig. 2 . This distortion is in fact a type of pixelation or quantization artifact. In imaging fiber bundles, the distance between adjacent fiberlets is typically of the order of 4-6 μm. As a result, when such fibers are used to image microscopic samples with sizes of the order of 10-100 μm without the use of distal lenses, pixelation is often the limiting factor in retrieving the original image.
To examine the effect of sampling in coherent wavefront reconstruction, a defocussed image of the mask is first created, which is equivalent to moving the mask away from the fiber facet. This is achieved through a Fourier optical approach by simulating a 4f correlator, shown in Fig. 3(a) . In a 4f correlator, when the object to be imaged is placed directly at the focal point of the input lens (the object plane), an exact image of the object will be produced at the focal point of the second lens (the image plane). If the object is placed slightly behind the object plane of the first lens, the image produced at the image plane of the second lens will be whatever optical field appears at the object plane of the first lens-in this case it will be the light from the object having propagated a small distance.
At the midpoint between the two identical lenses the Fourier transform of the object plane of the first lens is produced [17] . If the object is slightly offset from the object plane, the Fourier transform is still produced but is multiplied by a quadratic phase function:
where F (u, v) is the 2-D Fourier transform of the in-focus object, f (x, y), k is the wavenumber of the light, f is the focal length of the lens and d is the distance between the object and the lens. Combining these two approaches the original image, shown in Fig. 3(b) , is defocussed by taking the Fourier transform, multiplying that by a quadratic phase mask, then taking the inverse Fourier transform. The result is shown in Fig. 3(c) .
Having obtained a defocussed image, this is then sampled using a fiberlet mask, as shown in Fig. 3(d) . In this case, the fiberlet mask affects only the amplitude as it is assumed that phase shift introduced can be corrected by pre-characterization of the fiber.
To attempt to correct the defocus in the sampled image, the Fourier transform is taken, which is then multiplied by the conjugate of the quadratic phase mask used to generate the aberration. The corrected image is then found by taking the inverse Fourier transform of the result. In an ideal case with no pixelation this would produce the exact same image that was input. However, due to the fiberlet pixelation, the image is still somewhat distorted, though easily recognisable, as shown in Fig. 3(e) . The distortion is particularly pronounced because of the fact that the spacing of pixels in the test pattern (4.5 μm) is only marginally smaller than the spacing between lines (8.8 μm) and so a high degree of pixelation results.
It is useful to introduce a quantitative measure to compare two images so that the effectiveness of any processing on a sample image, for example defocus correction, can be compared against a reference. The metric used for this here is the standard structural similarity index (SSIM) defined as:
where x and y are 8 × 8 pixel windows from the test and reference images respectively, and μ x is the mean of x, μ y is the mean of y, σ 2 x is the variance of x, σ 2 y is the variance of y, and σ xy is the covariance of x and y. In this paper, the standard values of C 1 = 10 −4 and C 2 = 9 × 10 −4 are used [18] . A scalar metric, K, representing the similarity of the images can be defined by taking the mean over all windows:
where N is the number of windows used. By applying this metric to the simulated images of Fig. 3 , it is found that the structural similarity between the original mask, Fig. 3(b) , and the reconstructed image, Fig. 3 (e), is K = 0.970. This metric, K, is later used to measure the quality of correlation between experimentally measured images and the simulated image of Fig. 3(e) . As an additional measure of the correlation between images, the normalized 2-D cross-correlation metric can be used:
where γ is the cross-correlation, f (x, y) is the sample image, g(x, y) is the reference image,f is the mean of f (x, y) over the domain of g(x − u, y − v) andḡ is the mean of g(x, y). Both measures are included in this work.
III. EXPERIMENTAL SET-UP
Next, the experimental setup shown in Fig. 4 is used to test the ability of the system to correct for phase shifts introduced by the fiberlets and hence correct defocus for a real coherent bundle. The system is simply a 4f optical correlator with a Fig. 4 . Experimental single-pixel optical correlator set-up illustrating how a sample placed at the distal end of a fiber bundle is imaged using an SLM.
liquid crystal on silicon SLM placed between the two lenses. The SLM is used to direct light from a particular point on the imaging plane to the single pixel detector, in this case a single mode fiber (SMF). By displaying a blazed grating of variable pitch on the SLM, light from different points on the imaging plane can be directed to the output SMF, thus creating an image that is a 2D correlation between the object plane and the spatial mode profile of the SMF. At 850 nm, standard SMF-28 with a core diameter of 8.2 μm will be multimode, but will have an approximate maximum mode-field diameter of 4 μm. Given that lens 1 has a focal length of 6.2 mm and 2 has a focal length of 20.4 mm, there is a scaling factor of 3.3. This would therefore mean that the measured image is a correlation between the object and an approximately Gaussian spot of ∼1.2 μm in diameter. Given the fiberlet diameter of ∼2.6 μm, this is sufficient to observe the optical fields of individual fiberlets.
It should be noted that because the SLM is polarization sensitive only a single polarization is used for fiber characterisation and imaging, though dual polarization architectures using SLMs have been proposed [14] . This may result in a reduced ability to electronically shift the focus due to uncompensated polarization coupling in the fiber. In fact, the system here does not explicitly account for multimode propagation in the fiberlets, even though the fiberlets may support up to three spatial modes at 850 nm [11] . However, even using this simple phase correction approach produces significant improvement in the ability to electronically adjust focus, as demonstrated in Section IV.
Using a similar technique to that presented in [14] , two gratings are displayed simultaneously so that the optical fields from two points on the fiber facet are simultaneously incident on the detector. The absolute phase of one of the gratings in the superposition is then shifted through 16 levels from 0 to 2π and the resultant interferometric power is measured. A sinusoid is fitted to this data to give an estimate of the relative phase of the two points. In this way, the SLM is used as a common-path interferometer. By keeping one of the gratings fixed at the most powerful point on the object, the relative phase of each measured point on the fiber facet can be determined. It should be noted that although only three measurements are required to determine the phase interferometrically, the measurement is sensitive to noise in optical power, arising from laser instability and the relatively low powers used, and in the phase due to SLM phase noise or minor disturbances of the system such as vibrations. Taking 16 measurements and then performing a least-squares fit of a sinusoid significantly reduces the phase estimation error.
In an ideal case, only one such coherent image would be sufficient to adjust focus at the distal end the fiber bundle. However, due to slightly different optical path lengths of the fiberlets and non-flatness of the fiber facets after polishing, some degree of phase aberration will be introduced producing speckle-like images. The difference in path lengths is due to manufacturing variations and bending of the bundle, which is unavoidable in realistic use.
In order to compensate these phase aberrations, we adapt a technique commonly used in digital in-line holography to create a contrast image [19] . First, a reference measurement is taken by removing the sample from the set-up in Fig. 4 with everything else remaining fixed. This produces a coherent image of the optical field of the illumination source in the object plane, plus the aberrations introduced by the fiber bundle. Then, the phase profile of this image is subtracted from the phase of the image measured with the sample in place. Because holographic focussing is used, measurements are taken from a single plane located on the proximal fiber facet. It is thus assumed that the resultant images will have the correct amplitude profile and that aberrations present in the bundle will only impact the optical phase in the object plane. This enables the application of phaseonly aberration correction. Finally, using the method described in the previous section, a defocus correction is applied in the Fourier domain to the corrected coherent image in order to electronically adjust the focus.
It is observed from the simulations presented in Section II that due to pixelation in the bundle, images on a microscopic scale are likely to experience some distortion, even when aberrations in the bundle have been compensated. In order to quantify the quality of the focus adjustment, the metric K defined in Equation (3) is used to compare experimentally measured images with the simulated images. This enables a fair assessment of the focus adjustment relative to the best result that would be expected from an ideal simulated system. 
IV. RESULTS
In order to verify the experimental system, a mask is first placed flush against the distal end of the coherent fiber bundle and an image is taken, shown in Fig. 5 . It can be seen that the system is able to resolve individual fiberlets clearly and the pixelated image of the input mask is observed.
Next, the mask is moved 5 mm away from the fiber facet and an image of both optical intensity and phase is taken using the experimental system described in the previous section. The mask is then removed, with everything else left in place, and a reference image is taken. The phase of the reference image is subtracted from the phase of the image of the defocussed sample. The results are shown in Fig. 6 . It is observed that due to the non-flatness of the fiber facets, a ripple-like pattern is observed in the phase measurement for both the sample and reference cases. However, when the measured reference phase image is used to correct the sample image phase as in Fig. 6(c) , it is seen that this ripple pattern disappears and the phase profile becomes Fig. 7 . Graph showing the mean structural similarity index, K , between the experimentally reconstructed image and the simulated reconstructed image of Fig. 3 (e) versus defocus correction coefficient for the phase-corrected and uncorrected cases. A significant increase is observed for the phase-corrected case, indicating that the focus is being adjusted successfully to recreate the original image. patches of approximately constant phase corresponding to individual fiberlets. In areas of low optical intensity, the phase measurement produces random speckle, which is expected.
Next, the amplitude of each pixel in the sample image is weighted by a factor of the normalized pixel value from the reference image. This is done in order to compensate small variations in the power measured in each fiberlet due to imperfections and non-uniform coupling loss. The corrected sample image is then processed to adjust the focus. To do this, a quadratic phase mask of varying scale, i.e., different focal correction, is applied to the image in the Fourier domain. For each focus correction value, the mean SSIM metric, K, defined in Equation (3), between the corrected image and the simulated reconstructed image of Fig. 3(e) is plotted, shown in Fig. 7 . The simulated reconstructed image is used as the benchmark for comparison in order to exclude the effects of image degradation due to sampling by the fibrelets. The numerical comparison thus better reflects the quality of fibrelet phase compensation. For comparison, the value of K without phase correction is also shown. It can be seen that the peak K occurs at a focus correction coefficient of −12.2, with K = 0.980. This is 5% greater than the correlation without phase-correction, K = 0.930. By comparison, the structural similarity observed between the simulated and the ideal images is K = 0.970, as discussed in the previous section.
Similarly, the normalized 2-D cross correlation for different focus correction coefficients is shown in Fig. 8 . Again, a peak is observed at a focus correction coefficient of −12.2, with γ = 0.880 for the phase-corrected case, a 19% increase from the value without phase correction.
A focus correction coefficient of −12.2 is used to produce the processed images, shown in Fig. 9 . It is seen that after applying focus correction, the resultant image bears significant similarity to that predicted by simulations, seen in Fig. 9(d) . If the phase correction is not applied, however, the result looks substantially more amorphous, as per Fig. 9(c) . This provides visual confirmation that the system presented here is capable of compensating for optical phase aberrations introduced by fiberlets and the non-flatness of the coherent bundle facets. Using a single-pixel detector and an SLM, this system can thus perform electronic focussing at the distal end of a coherent fiber bundle without the use of distal lenses.
Though an improvement in image quality is visible following focus correction, this is an early result and there is significant room to improve image quality in future measurements. There are several reasons for the degradation of quality. It is first noted that even when the sample is placed flush on the fibre facet, the image quality is lower than that simulated due to defects in the fibre and small amounts of cross-talk between fibrelets, as evidenced in Fig. 9(a) . Consequently, it is expected that there will be similar degradation of quality between the experimental and simulated focus-corrected images, which is what is observed in Fig. 9(d) .
Another significant cause of quality degradation is that the fiberlets are large relative to the sample imaged, resulting in pixelation artefacts. This degradation is also visible in the simulated results. Better images could be obtained with a larger target, but the tests presented here do give an indication of the ultimate resolution. Another factor impacting quality is the limited field of view at the proximal end of the fiber. This is determined by the focal length of lens 1 of Fig. 4 . In selecting this lens, there is a tradeoff between the maximum field of view, i.e., area of the proximal fiber facet that can be imaged, and the resolution. In this case, a 6 mm focal length lens was used in order to maximise imaging resolution at the expense of field-of-view. However, the target used includes sharp changes in amplitude, which require high spatial frequencies to replicate accurately. These high spatial frequencies are attenuated in the Fourier domain by the limited field of view of this small lens. A bigger lens might provide better results for a fibre of the dimensions used here when imaging objects with sharp edges. Finally, the SLM used here is designed for operation at 1550 nm, but is being run at 850 nm. This may introduce additional errors due to losses, phase quantization and small errors in the phase calibration. This could be addressed in future work by using an SLM tailored to the correct wavelength.
V. CONCLUSION
A design for an SLM-based coherent fiber bundle endomicroscope using a single-pixel detector is presented. It is shown experimentally that the system is able to measure the phase of the wavefront emerging at the proximal end of a fiber bundle and is able to estimate and correct phase aberrations therein. Images of a defocussed sample are taken and when the focus is electronically corrected, the structural similarity of the phasecorrected image with the simulated result is 5% higher than for the non-phase-corrected image. Visually, the phase correction technique is shown to enable focus correction comparable to that predicted by simulation. This shows that the phase-correction technique is able to reduce the phase aberrations found in coherent fiber bundles and thus paves the way for lensless focussing at the distal end of the fiber. The use of a single-pixel detector allows improved sensitivity over a wide range of wavelengths, making this a promising technique for endoscopic fluorescence microscopy.
